Deposition behavior and the crystal structure of the epitaxial KNbO 3 films, grown at 240 C on (100) c SrRrO 3 == (100)SrTiO 3 substrates using hydrothermal method, as well as their ferroelectric and piezoelectric properties were systematically investigated. Film deposition was detected to have begun after 2 h from the start, and the thickness increased with increasing the deposition time up to 4 h, but contrary decreased after 9 h due to the etching by KOH. X-ray diffraction (XRD) patterns of the films were basically the same regardless of the deposition time. However, the films deposited for 15 h introduces large amount of voids than those for 2 h. Ferroelectric and piezoelectric response of the films deposited for 2 and 15 h were measured to have similar film thickness, but the maximum applied electric field for the 2-h films was twice as that for the 15-h ones. The prototype ultrasonic transducer was fabricated using the KNbO 3 films, which were deposited by hydrothermal method at 240 C for 3 h, and proved to be able to transmit and receive ultrasonic signals above 90 MHz in degassed water. #
Introduction
High frequency ultrasonic imaging has many clinical applications because of its improved image resolution. It is accepted as a clinical tool to examine the anterior segment of the eye, skin and vascular system. The frequencies used in this application are from 30 MHz to several hundred MHz. 1) However, it is difficult to fabricate high-frequency ultrasonic transducers because an extremely small piezoelectric area is required. Hence, piezoelectric films are viable candidates for high frequency ultrasonic transducers considering their simple structure to generate ultrasound. Generally, the resonance frequency of the thickness mode is utilized for the high frequency ultrasound imaging. Therefore, the thickness is determined by optimum working frequency for measurement sites; the resonance frequency is inversely proportional to the thickness of the piezoelectric films.
Hydrothermal method [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] is able to deposit the piezoelectric film at low temperature (<300 C) on patterned electrode or complex shape substrate from thin films to thick films. Hence, the hydrothermally prepared piezoelectric films are expected to be applied in high frequency ultrasonic transducers [13] [14] [15] [16] from a practical standing point. We have reported on the successful growth of epitaxial KNbO 3 films up to 10 mm in thickness with good piezoelectric property at 240 C. 12) However, the saturation behavior in film thickness was observed against the deposition time. In the present study, the deposition behavior of the deposited films was investigated for the control of the film thickness. In addition, the piezoelectric properties were investigated as a function of the deposition time as well as the crystal structure analysis.
Experimental Methods
KNbO 3 thick films were grown at 240 C on (100) c SrRuO 3 == (100)SrTiO 3 substrates by hydrothermal method. The (100) c -oriented epitaxial SrRuO 3 layers used as bottom electrodes were grown on the (100) SrTiO 3 substrates by a sputtering method. 17) An autoclave (PARR 4748) contained an inner vessel made up of Teflon to resist high alkali solutions were utilized for the hydrothermal growth.
10 mol/l KOH (Kanto Kagaku) in 20 ml aqueous solution and 1.0 g of niobium oxide powder (Nb 2 O 5 , purity 99.95%, Kanto Kagaku) were used as source materials for K and Nb, respectively. The (100) c SrRuO 3 == SrTiO 3 substrate was kept facing down with a Teflon folder in the inner vessel, and the source materials were mixed and poured into the autoclave. The autoclave was placed in an oven (Yamato DS-400) maintained at 240 C for a hydrothermal chemical reaction.
The thicknesses of the obtained films were determined by a scanning electron microscopy (SEM; Hitachi S-4800) and a surface profilometer (Veeco DEKTAK 3ST). Crystal structure was characterized by X-ray diffraction analysis using a four-axis diffractometer (HRXRD; Philips X'Pert MRD system) with Cu K 1 radiation. Thermal desorption spectrometer system (TDS; ESCO EMD-WA1000S/W) which measures the evaporated specialty from the target sample by the mass spectrum when it was heated in vacuum. The mass number of 18 was used to check the desorption of H 2 O from the films. This represents the relationship between the temperatures and the amount of mass spectrum of H 2 O in vacuum.
Room temperature ferroelectric and piezoelectric properties were measured using Pt/KNbO 3 /SrRuO 3 strictures after depositing Pt top electrodes by an evaporation method. The ferroelectric properties were measured using the 100 mm diameter Pt top electrode with a ferroelectric tester (Toyo Technica FCE). On the other hand, the piezoelectric properties were measured using the 200 mm diameter Pt top electrodes with a laser Doppler velocimeter (LDV; Polytec OFV-3001).
Subsequently the prototype ultrasonic transducer and a glass-plate which was utilized as a reflecting plate were maintained to distance of 2.5 mm, then the ultrasonic transmitting and receiving properties of the prototype ultrasonic transducer was measured in degassed water with an ultrasonic pulser receiver (Olympus 5910PR). The deposited film was peeled off from the substrate because the ultrasonic transmitting and receiving capability was not able to measure with the substrate due to the reflections and refractions in the substrate. 12) The deposition time can be divided into three regions as shown in Fig. 1(a) . In region I, the deposition of the film was not detected for 1 h. Figure 1(b) shows the temperature change with the time measured by the thermocouple attached to the outside of the autoclave. The temperature did not reach at 210 C because the oven door was opened for putting autoclave into the oven which results in the temperature drop at 1 h. Based on the fact that films were not deposited below 200 C for 3 h, no deposition for 1 h in Fig. 1(a) is considered to be the result of low temperature caused by the operation manner.
Results and Discussion

Deposition and crystal structure
In region II for 2 -4 h in Fig. 1(a) , the film thickness increased with increasing deposition time and on the contrary decreased with increasing deposition time in region III over 4 h. It appears that the hydrothermal method has ability for increasing and decreasing of piezoelectric films with deposition time. In fact that the KNbO 3 film was changed from the deposition dominate region to etching one with the deposition time depending on the concentration of Nb source. Figure 2 shows the cross sectional SEM photographs of KNbO 3 thick films prepared for 2, 9, and 15 h. Dense cross section was observed for the films deposited for 2 h. However, there were some voids at the grain boundaries marked as circles in Fig. 2 , especially the upper layer of the films, which was accelerated for 15-h film. This suggests that the etching was observed not only on the film surface but also in the grain boundary inside the films. Figure 3 shows logarithmic scale XRD patterns for the films deposited for 2, 3, and 15 h. fh00g pc peaks of the perovskite phase were observed for all films, suggesting that the epitaxial films were obtained even for the 15-h film etched by KOH taking account of the fact that the in-plane alignment was ascertained by X-ray pole-figure measurement. Figure 4 shows the comparison of the TDS spectra of the mass number 18, corresponding to H 2 O, in which the intensity was normalized by the maximum one for the films deposited for 2 and 15 h. These two films had similar thickness but 2-and 15-h films were in region II and region III in Fig. 1(a) , respectively. The maximum peaks of the thermal desorption of H 2 O was observed around 180 and 490 C for KNbO 3 films deposited for 2 and 15 h, respectively. This suggests that the fraction of contamination generated H 2 O by the heat treatment with stronger chemicalbonded was larger in case of 15-h films than that of 2-h one. This might be related to the large number of voids observed at the grain boundaries for 15-h films as shown in Fig. 2. 
Ferroelectric and piezoelectric properties
To compare the ferroelectric and piezoelectric properties of the films with similar film thickness of 8 -10 mm, we selected the films deposited for 2 and 15 h. The polarization and the electric field (P-E) relationships and the strain versus electric field (S-E) measured at 100 kHz are shown in Fig. 5 for the transducer. Clear ferroelectric hysteresis loops with the remanent polarization (P r ) of about 20 mC/cm 2 and the butterfly-shape curve in S-E curves were observed for both films. It must be mentioned noteworthy that the possible applicable maximum electric field of 2-h film was almost twice compared with that of 15-h film. The observed strains of each film deposited for 2 and 15 h were 0.2 and 0.08%, respectively, at the maximum electric field.
The fabricated ultrasonic transducer was proved to transmit and receive on high frequency ultrasound field using KNbO 3 -film of 18 mm deposited in region II in hydrothermal condition. Figure 6 shows (a) SEM photograph of the KNbO 3 -films utilized for transducer materials, (b) ultrasonic wave form of transmitting and receiving using the prototype ultrasonic transducer, and (c) its power spectrum. Three peaks were observed at 17, 95, and 130 MHz. The frequency response was analyzed by the clarified material constants of KNbO 3 ceramics 18, 19) and Mason's equivalent circuit. 20) According to the simulation, using parameters which are listed Table I , the 95 MHz peak is able to consider the thickness mode of piezoelectric effect.
Conclusions
Deposition behavior and the crystal structure were systematically investigated for the epitaxial KNbO 3 films grown at 240 C on (100) c SrRuO 3 == (100)SrTiO 3 substrates as well as the ferroelectric and piezoelectric properties. Film deposition was detected from 2 h and increased with increasing deposition time up to 4 h, but contrary decreased with increasing deposition time due to the etching by KOH. XRD results were basically the same irrespective of the deposition time. However, the voids inside the film increased for the films deposited for 15 h compared to the film for 2 h. Ferroelectric and piezoelectric responses were detected for the films deposited for 2 and 15 h with similar film thickness. However, the applicable maximum applied electric field was almost twice in case of the 2-h film. This is considered to be due to the larger fraction of the stronglybonded contaminations in 15-h film. The fabricated ultrasonic transducer was using the 18 mm KNbO 3 film deposited in reason II and the ultrasonic transducer was proved for the first time in high frequency ultrasound that it was able to transmit and receive over 90 MHz with ringing of low frequency in degassed water. 
